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Abstract  
A spacecraft’s descent into a planet’s atmosphere results in extremely high velocities and a 
separated bow shock forms around the blunt body. Dissociation and ionisation can occur in the 
gas behind the shock, resulting in a shock layer saturated with charged particles.  These particles 
could potentially be manipulated by applying a magnetic field to the ionised flow, which would 
generate a force on those particles. An equal and opposite body force would then act on the 
source of the magnet, which should decelerate the vehicle. Harnessing this force is the concept 
behind magnetohydrodynamic aerobraking.  
Prior to the start of this project, Jorgensen (2016) designed a Stress Wave Force Balance 
(SWFB) to measure this force to support a wider experimental MHD program at UQ. This study 
assessed the feasibility of a SWFB in measuring this force, and a design was produced and most 
hardware manufactured. Due to project difficulties the SWFB was not completed and hence 
unable to be tested in the time frame of that study. As such, this project commenced with 
completing the assembly of this force balance and calibrating it. This projects second aim was 
to design an electromagnet to be used as an alternate to the permanent magnet in the current 
experimental configuration, since on larger scales permanent magnets can become dangerous 
to handle.  
To test the SWFB concept, a series of benchtop tests were conducted. A brass rod diametrically 
equal to the sting shaft of the force balance was used to act as a proof of concept before testing 
the actual design. For each experimental set of data that was acquired, the impulse response 
function was generated by conducting 100 iterations of the deconvolution process through 
Mee’s HYFORCE software (2007), using calibrated impact hammer data as the input force and 
the shaft strain response as the output force. The generated impulse response function can then 
be used to calculate the strain response from any of the experimental tests to produce a history 
of the input force, regardless of which test the impulse response function was generated from. 
From analysis of the processed data it was discovered that the impulse hammer shows a 
secondary smaller peak approximately 0.0005 seconds after the initial impact peak which was 
consistent across all of the experimental results. The source of this signal was attributed to how 
the hammer was handled post impact. Despite this unexpected signal, it was clear that the 
impulse response function of the SWFB is able to accurately produce the hammer’s initial 
impact force.  
After a comprehensive review of electromagnetic literature, an electromagnet was designed and 
analysed. The aim of this design was to act as a proof of concept for larger scale models to be 
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tested in future experiments in X3. An electromagnetic field simulation software package, 
ANSYS Maxwell 2D, is a Finite Element Analysis (FEA) package that was used in this project 
for the design and analysis of the electromagnet. In this software package, an electromagnet 
was modelled and the relevant parameters varied in accordance with literature to determine the 
configuration that would maximise the magnetic flux density.   
From this analysis, an electromagnet design was selected. An iron core 60mm in length and 
15mm in diameter was selected, with 400 turns of AWG 16 copper wire coiled around it. A 
rectifier will be used to supply 4 Volts of power to the model, resulting in a current of 16.32 
Amps flowing through the electromagnet. The simulation results showed that the designed 
electromagnet exhibited a smaller magnetic flux density outside of the electromagnet poles than 
a permanent magnet of a similar geometric configuration.  
A basic heating analysis was performed using a thermal transient solver in ANSYS, showing 
only a small increase in electromagnet temperature over 60 seconds. In addition to this, the 
heating effects of increasing the current in the designed electromagnet configuration were able 
to be investigated over specific time periods, allowing the magnetic flux density to be 
maximised. This analysis involved defining the maximum allowable electromagnet temperature 
to be 800𝐶 and calculating the corresponding current that would achieve this over a number of 
defined time periods. From this, it was determined that over a 10 second period, approximately 
17 V of power would need to be supplied for the magnet to reach the maximum allowable 
temperature, which is considerable larger than the 4 V used in the above outlined design. These 
results were obtained from analytical calculations and validated in an ANSYS transient thermal 
solver. Substituting the current corresponding to 17 V of power into Maxwell 2D resulted in a 
magnetic flux density of 0.63T at the magnet poles. 
Further investigation into electromagnet heating is recommended. A Two Way Coupling Finite 
Element Analysis between Maxwell 3D and an ANSYS thermal solver is suggested to validate 
the transient thermal heating analysis. If this analysis indicates the electromagnet is getting too 
hot over a certain period of time, the option to pulse the electromagnet should be investigated.   
Further experimental testing is also recommended on the Stress Wave Force Balance. Testing 
this force measuring device with a permanent magnet and electromagnet in UQ’s expansion 
shock tunnel X2 is recommended to further confirm that the SWFB is appropriate for this 
particular application.   
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MHD aerobraking technology aims to take advantage of the ionised flow around a planetary re-
entry vehicle by applying a magnetic field to generate a force. Harnessing this force as a 
potential source of additional drag during atmospheric entry could have a number of 
advantageous outcomes, including enabling heavy payloads to be landed on Mars. Properly 
investigating and evaluating different methods of measuring this force and producing the 
magnetic field will ensure that the potential of this technology is maximised. This thesis project 
has validated that a SWFB is an accurate method of measuring an applied force, and thus is a 
suitable alternate to the accelerometer in the current experimental configuration. In addition, it 
has been showed that an electromagnet is not only a viable option for producing large magnetic 
fields, but is also considerably safer than utilising a permanent magnet.  
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1.0 Introduction  
1.1 Project Context  
1.1.1 Background  
A spacecraft’s descent into a planet’s atmosphere results in extremely high velocities and large 
temperatures, and a separated bow shock forms around the blunt body. These high temperatures 
can cause the boundary layer to become chemically reacting, and dissociation and ionisation 
can occur (Anderson, 2006). This results in a shock layer saturated with free electrons 
(Anderson, 2006). Figure 1 shows this bow shock being formed around an entry body, and the 
high-temperature regions that result in its flow field. It has been proposed that the charged 
particles in these regions can be manipulated by applying a magnetic field to the ionised flow, 
to induce a Lorentz force as shown in Figure 2 (Nagata et al, 2015).  
 
Figure 1- Schematic of high-temperature regions surrounding entry-body (Anderson, 2006) 
This force could potentially decelerate the flow behind the shock, increase the shock standoff, 
and reduce the shock heating (Ziemer et al, 1958). This, in turn, would reduce the convective 
heat flux (Palmer, 1993). According to Newton’s second law, an equal and opposite body force 
will act on the source of the magnet, which should decelerate the vehicle. 
Magnetohydrodynamics is the study of the dynamics of magnetic fields in electrically 
conducting fluids (Dorch, 2007). Magnetohydrodynamic (MHD) aerobraking involves 
harnessing this induced force as a potential source of additional drag during atmospheric entry. 
This is of particular relevance when considering a manned mission to Mars. Human exploration 
of the Red Planet is expected to involve landed masses up to 80 tonnes, while the heaviest 
2 
 
payload to date is approximately 899kg (NASA, 2009). MHD aerobraking may prove to be a 
crucial enabling technology for the safe landing of very heavy payloads to Mars’, and also in a 
return mission to Earth. 
 
Figure 2- Flow around a re-entry vehicle with an applied magnetic field (Nagata et al, 2015) 
The University of Queensland is currently studying the effects of inducing a magnetic field to 
interact with hypersonic flows. These experiments, to be conducted in UQ’s X2 and X3 
expansion tube facilities, could lead to breakthroughs in assisting with aerobraking procedures 
of flight vehicles upon entry into the atmosphere. The X2 and X3 expansion tubes, the basic 
configuration for which is shown in Figure 3, are able to produce chemically correct test flows 
at true fight enthalpies due the expansion tube process. The procedure involves the piston being 
released and compressing the driver gas until the primary diaphragm is ruptured. The shock 
then propagates down the driver tube where the test gas is compressed and accelerated towards 
the test section. The test time begins when the expanded test gas reaches the model, and ends 
when the last of the useful test gas flows over the model. This process results in the simulation 
of true flight conditions. The facilities’ scale has implications on its performance. A longer tube 
means more test gas and hence a longer test time. 
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Figure 3- Expansion Tube Schematic (Gildfind, 2014) 
 
1.1.2 Outline of Project  
If a permanent magnet is physically isolated in a sealed fairing and subjected to hypersonic 
flow, its field will extend outside the fairing and may interact with the ionised flow behind the 
bow shock. As previously mentioned, a body force will act on the source of the magnet. Prior 
to the start of this project, a study into this force was conducted by Jorgensen (2016). A SWFB 
was designed to measure this force and most of the hardware was manufactured. Due to a 
number of constraints, the assembly and testing of the design were not completed. As such, this 
project commenced with manufacturing the SWFB and conducting a series of benchtop tests to 
act as a proof of concept for testing in X2.  
In order to maximise the MHD effect, the magnet’s size and field strength should be maximised. 
Small permanent magnets are able to be used for initial tests in X2. However, future tests in X3 
would require larger magnets which can become dangerous to handle. As such, this project will 
look into the design and analysis of an electromagnet, potentially pulsed, which may be suitable 
for these larger scale experiments.  
  
4 
 
1.1.3 Statement of Purpose 
Validating the Stress Wave Force Balance technique and designing an electromagnet are two 
important aspects of a larger study into the feasibility of MHD aerobraking. This technology 
may prove to be an essential contribution in enabling heavy payloads to be landed on Mars, 
while also potentially aiding in the mitigation of heat for an Earth return.  
1.2 Project Aims  
There are two primary goals of this thesis.  
1. Complete assembly and calibrate the existing design of a SWFB  
2. Design an electromagnet to be used as an alternate to the permanent magnet in the 
current experimental apparatus design to act as a proof of concept for larger scale 
models to be tested in future experiments in X3. 
1.3 Report Structure  
This report has been structured as follows: 
Chapter 2 This chapter provides a literature review behind the Stress Wave Force 
Balance concept, an overview of the SWFB design, an outline of the apparatus 
and procedure of the experiments performed, and an analysis of the results. 
Chapter 3 This chapter provides a review of the literature relating to electromagnetic 
theory.  
Chapter 4 This chapter outlines two different methods of analysing an electromagnet, 
with a comparison between the two to determine which method was more 
reliable.  
Chapter 5 This chapter provides both a basic and advanced analysis of various 
electromagnet configurations. Based off these analyses, a final electromagnet 
design was created and critically analysed.  
Chapter 6 This chapter summarizes the completed work, while providing 
recommendations for future work.  
Chapter 7 This is a list of the used references. 
Chapter 8 This contains the relevant appendices to the report.  
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2.0 Stress Wave Force Balance  
2.1 Introduction to Stress Wave Force Balance  
A force balance is an instrument that is used to directly measure the aerodynamic forces and 
moments on a test model (Hall, 2015). A 6 component balance measures the lift, drag and side 
force of a model, as well as pitching moment, roll and yaw. A single component balance is one 
that measures only one force. Force balance techniques have evolved over time with technology 
advances. Early techniques involved force measurements in continuously operating wind 
tunnels using arrangements of levers and weights to balance the load, hence the term force 
balance (Tropea et al, 2007). Although these techniques were developed to measure multiple 
components of aerodynamic load, they could only be operated in steady flow situations due to 
the high inertia and stiffness of the force balance systems. Possessing a high inertia means the 
object, or system, has a large resistance to physical motion. This resistance means the balance 
will take a longer time to reach an equilibrium state and produce accurate measurements, 
particularly if the flow is unsteady.  
Stress waves are initiated within a model when an aerodynamic load is applied. These stress 
waves propagate and reflect within the test model and its supporting structure (Mee, 2003). 
Conventional force balances, such as the early technique described above, rely on the 
establishment of equilibrium between aerodynamic forces on the test model and the reaction 
forces in the balance and support structure (Mee el al, 2007).  In hypersonic impulse facilities, 
the short test times are insufficient for steady state of equilibrium to be reached between the 
model and its support. As such, in hypervelocity expansions tubes, force measurements cannot 
be accurately obtained using these earlier conventional techniques. 
To deal with these issues various techniques can be employed, two of which will be outlined in 
this section.  Firstly, if the test model is small and light it can be restrained and the force balance 
made to be very stiff. In this case, the natural frequency of the system would then be very high 
and accelerometers can be placed on the model to detect vibrations and calculate the forces 
(Mee, 2003).  The second technique involves setting up the model to be completely unrestrained 
to fly freely in the test flow and measuring the free-flight displacement from a video recording 
to calculate the accelerations. This eliminates the effects of the support structure and decreases 
the natural frequency. A small, light model keeps these frequencies high and produces larger 
acceleration signals (Mee, 2003).  
For models of a larger size and mass, the period of lowest natural frequency of the force balance 
can become of similar order to the duration of test flow (Mee, 2003). Under these conditions, 
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the system dynamics can be included in the force balance analysis to evaluate the history of the 
aerodynamic forces acting on the model (Mee, 2003). The Stress Wave Force Balance (SWFB) 
technique is one such method. The SWFB technique utilises the dynamics of the model to obtain 
the strain history, and uses this to calculate the aerodynamic forces acting on the model. 
This chapter will cover the fundamental theory behind the SWFB technique, the theory and 
operation of the piezoelectric strain gauges which are used as the dynamic sensor to determine 
the applied strain, discussion of the SWFB design, results obtained from preliminary benchtop 
testing and an experimental analysis of these results. 
2.2 Stress Wave Force Balance Methodology   
A thorough analysis of the modern SWFB technique was presented by Doherty (2014). This 
analysis outlines the basic theory for single component balances which is summarised below.  
The model and supporting structure of a SWFB act as a linear, causal and time-invariant 
dynamic system (Doherty, 2014). These are the fundamental assumptions behind the SWFB 
technique, which can be represented by the convolution integral.  
 (𝑡) = ∫ 𝑔(𝑡 − 𝜏)𝑢(𝜏) 𝑑𝜏
𝑡
0
 (1) 
where u(t) is the applied load, y(t) is the measured strain and g(t) is the impulse response 
function. The system’s impulse response function, determined from a calibration, can then be 
used to determine the history of applied load. For discretised data, u(t), y(t) and g(t) are replaced 
by ur, yr, and gr respectively.  
 𝑦𝑟 = ∑ 𝑔𝑟−𝑠𝑢𝑠𝛿𝑡 ,   𝑟 𝜖 {0,1,2, … , 𝑘}
𝑟
𝑠=0
 (2) 
In this equation, δt is the sampling interval and tr=rδt. This can then be expressed in matrix form 
 𝒚 = 𝑮𝒖𝛿𝑡 (3) 
where y is the time series output vector in the form of strains, u is the time-series input vector 
being the aerodynamic load, and G is a lower triangular square impulse response matrix 
obtained by calibration tests.  
𝐺 = |
𝑔0 0 ⋯ 0
𝑔1
⋮
𝑔0
⋮
… 0
𝑔𝑛 𝑔𝑛−1 𝑔0
| 
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With the impulse response function G and the measured strain response y known, the unknown 
input load u can be calculated. Alternatively, to determine the impulse response function, the 
strain response y and the input force u must be known. This calculation is known as 
deconvolution and is an iterative process completed in the time domain using two known 
parameters or functions to determine the required unknown. This technique has been 
implemented in the Fortran computer program HYFORCE (Mee, 2007). This program 
implements the constrained iterative algorithm proposed by Prost and Groutte in 1984.   
2.3 Piezoelectric Stain Gauges  
2.3.1 Introduction to Piezoelectric Film  
The SWFB technique is able to produce a test model’s strain history, and uses this to determine 
the history of aerodynamic forces acting on the model. To achieve this, the SWFB design 
incorporates a piezoelectric strain gauge.  
The piezoelectric effect, or piezoelectricity, is a material or substance’s ability to generate an 
electric charge when a mechanical stress is applied (Aurelienr, 2001). This stress-dependent 
change in electrical polarization manifests as a measurable potential difference across the 
material (Comsol, 2016). Piezoelectric films, which possess piezoelectric properties, are 
particularly advantageous when used as dynamic strain sensors as the electrical output is 
directly proportional to the applied strain (Smith, 1995).  
Piezoelectric strain gauges possess many benefits such as their compactness, high sensitivity 
over a large strain bandwidth and low temperature dependency compared to that of 
semiconductor strain gauges. However, there are also some fundamental limitations that should 
be noted. Piezoelectric strain gauges may only be used for dynamic strain measurements as they 
rely upon the generation of a charge resulting from a change in mechanical strain (Smith, 1995).  
Furthermore, the dynamic range of strain measurements is restricted to a specific upper and 
lower limit. The upper limit is determined by the linearity of the film properties and strength of 
the glued joints, while the lower limit is governed by noise from the piezoelectric film and the 
gauges’ hardware (Smith, 1995).   
Piezoelectric film is sensitive to strain in all directions, however, as the film is uniaxial 
orientated and polarised, the gauge is two times as sensitive in its principle direction (Smith, 
1995). When the gauge is strained, a charge is produced across the two metallised sides of the 
film. This charge is proportional to the applied strain level.  
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2.3.2 Operation of Piezoelectric Strain Gauges 
The piezoelectric film can be bonded to a conductive surface with epoxy, which results in an 
electrical connection being created between the component and the underside of the 
piezoelectric film. Prior to applying the conductive epoxy, the component’s surface must be 
properly prepared to ensure it is free of grease, dirt or oxide. Wiping the surface with acetone 
or a similar solvent and allowing it to dry before beginning the bonding process will ensure 
optimal results (Smith, 1995).  
The sensitivity of the film is dependent on the gauge area and orientation. Thus, film dimensions 
should be established before assembling the gauge. When selecting the dimensions, it is 
important to consider the anticipated strain level, strain direction, charge amplifying 
characteristics, desired signal level and gauge resolution (Smith, 1995).  It is also important that 
the piezoelectric film is cut with a sharp surgical scalpel to produce a neat cut with no burr, as 
this can cause an electrical short to occur between either side of the film (Smith, 1995).   
An electrical short is an electrical circuit that allows a current to travel along an unintended or 
accidental path. As current follows the path of least resistance, it would flow down this path 
rather than the one established in the circuit (McMahon, 2016). An electrical short can be 
detected in the piezoelectric strain gauge using a multimeter. The opposite of an electrical short 
is an open circuit which is an infinite resistance between two nodes. In the piezoelectric gauge 
the resistance of a piece of film should typically be in excess of 20MΩ (Smith, 1995).   
To prepare the conductive epoxy, the product specific preparation instructions should be 
followed. The piezoelectric film is bonded to the conductive surface at a number of points 
within the gauge site with conductive epoxy, while the remainder of the film is bonded with a 
normal adhesive. To achieve this, a number of small spots no greater than 2mm in diameter and 
0.5mm in height should be applied to the proposed gauge site using a scalpel (Smith, 1995).  
The piezoelectric film should then be applied on top of the epoxy with an adhesive. This can 
be seen in Figure 4.  
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Figure 4- Piezoelectric Film applied to Surface  
2.4 Stress Wave Force Balance Calibration  
2.4.1 Impulse Response from Step Input  
One method of determining the impulse response of the system it to measure the output signal, 
in this case the strain response, generated by a step change input to the system (Mee, 2003). 
The impulse response can then be obtained by differentiating the step response with respect to 
time and appropriately scaling the results. This technique has been outlined by Mee (2003) and 
is summarized below.   
 Taking the Laplace Transform of the convolution integral produces 
 𝑌(𝑠) = 𝐺(𝑠)𝑈(𝑠) (4) 
Now, let the input be a step of magnitude ‘a’ starting at time equals zero. 
 𝑢(𝑡) =
0 𝑡 < 0
𝑎 𝑡 ≥ 0
 (5) 
Taking the Laplace Transform of this step and substituting into equation 4 results in: 
 𝑌(𝑠) =
𝑎𝐺(𝑠)
𝑠
 
(6) 
Inverting this back into the time domain gives the following relation: 
 𝑦(𝑡) = 𝑎 ∫ 𝑔(𝜏)𝑑𝜏
𝑡
0
 (7) 
Or 
 𝑔(𝑡) =
1
𝑎
𝑑𝑦(𝑡)
𝑑𝑡
 
(8) 
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A finite element model can be created to determine the SWFB system’s step response by 
dynamic analysis. However, so as to avoid modelling approximation errors and because it is 
difficult to define all aspects of the actual system, it is preferable to measure the step response 
experimentally (Mee, 2003). The multiple ways in which this step can be produced have also 
been outlined by Mee (2003) and are summarised below.  
The first technique involves determining the step change in axial load by attaching a wire to the 
tip of the model, attaching a known mass to apply a known load, and then cutting the wire. This 
can be achieved in the horizontal configuration shown in Figure 5 or the vertical configuration 
shown in Figure 6a.   
 
Figure 5- Horizontal testing configuration for impulse calibration of SWFB (Mee, 2003) 
If the calibration test is performed under the same conditions as the actual test, i.e. calibration 
done in the tunnel test section, then the derived impulse response is inclusive of the 
characteristics of the experimental mountings (Mee, 2003).  However, if the calibration can’t 
be performed in an identical experimental environment, this calibration technique may be 
inadequate. To overcome this issue, an experimental setup similar to that shown in figure 3b 
can be used. The SWFB, supported vertically, has an applied load consisting only of its self-
weight.  
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Figure 6- Vertical testing configurations for calibration of SWFB (Mee, 2003) 
2.4.2 Impulse Response from Pulse Test  
An alternate method for determining the system’s impulse response function is to apply an 
impulse and measure the response of the system. This method is preferred due to its simpler 
experimental arrangement (Mee, 2007). This technique is summarized below.   
For a perfect impulse input to the system u(t) =Sδ(t), where δ(t) is the unit impulse function. 
Therefore 
 𝛿(𝑡) =
0 𝑡 ≠ 0
∞ 𝑡 = 0
 (9) 
With  
 lim
𝜖⟶0
∫ 𝛿(𝑡)𝑑𝑡 = 1
+𝜖
−𝜖
 (10) 
Where S is the time integral of the pulse. Then, by making use of the convolution integral  
 𝑦(𝑡) = ∫ 𝑔(𝑡 − 𝜏)𝑆𝛿(𝜏) 𝑑𝜏
𝑡
0
 (11) 
Due to the fact that the convolution integral is commutable, the above expression can be written 
as 
 𝑦(𝑡) = ∫ 𝑔(𝜏)𝑆𝛿(𝑡 − 𝜏) 𝑑𝜏
𝑡
0
= 𝑆 ∫ 𝑔(𝜏)𝑆𝛿(𝑡 − 𝜏) 𝑑𝜏
𝑡
0
 (12) 
Taking advantage of the shifting property of the delta function 
12 
 
 ∫ 𝑓(𝜏)𝛿(𝑡 − 𝜏) 𝑑𝜏
𝑡
0
= 𝑓(𝑡) (13) 
allowing the final result to be obtained  
 𝑦(𝑡) = 𝑆𝑔(𝑡) (14) 
This analysis shows that the response to a perfect impulse is the true impulse response function 
scaled by the magnitude of the impulse area S. It is important to note that although in practice 
the perfect impulse cannot be achieved, as long as the period of the pulse is short in comparison 
to the length of the system response, the difference is considered negligible.  
 
Figure 7- Single component SWFB calibration test with an instrumented impactor (Mee, 2003) 
To experimentally determine the response to an impulse, a short force pulse can be applied at a 
point on the model using an instrumented impactor (Mee, 2003). This is depicted Figure 7.  
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Figure 8- Current SWFB design (Jorgensen, 2016)
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2.5 Stress Wave Force Balance Design  
There is an existing experimental model which was designed and manufactured prior to 
undertaking this project. The model, which can be seen in appendix A, was designed to obtain 
the Lorentz body force measurements using an accelerometer. The model incorporates a 
permanent magnet suspended by threads and encompassed by a shielded forebody.  As the 
magnet is not directly exposed to the test flow, the accelerometer will theoretically only 
measure the acceleration of the magnet due to Lorentz body forces acting on the magnet. For a 
SWFB configuration the accelerometer assembly is removed and the force balance components 
are assembled within the hollow sections of the model.  
Slight modifications had to be made to this configuration to incorporate the SWFB. These 
design modifications were completed prior to this project by Jorgensen (2016). The altered 
configuration, shown in Figure 8, is a single component, cantilevered force balance. The design 
incorporates a brass concave end piece and hollow brass cylinder. An aluminium pipe screws 
into the cylinder to support the balance and allow fine adjustments to magnet location.  The 
SWFB sting was designed to accommodate test times of 50µs, deflect a maximum of 0.5mm 
under the magnet weight and resist an axial force up to 645N without buckling. In order to meet 
these requirements, the sting had to be a minimum of 235mm long with a diameter of 9mm. 
The calculations for this can be seen Appendix B. After considering the existing model and 
available materials, a length and diameter of 300mm and 10mm were chosen respectively.  
2.6 Experimental Testing  
To test the SWFB concept, a series of benchtop tests were conducted. Initially, a brass rod 
diametrically equal to the sting shaft of the force balance was used to act as a proof of concept 
before testing the actual design. The experimental apparatus and procedure are outlined below.  
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2.6.1 Experimental Apparatus 
 Brass sting 
 Cu-Ni metallisation Piezoelectric Film, Part No. 1-1003702-7 (Dimensions of film 
given in appendix E) 
 MG Chemicals 8330s-21G silver conductive epoxy  
 Weldbond Universal Adhesive, Model No. We-50160 
 Enamelled copper wire  
 Soldering Kit, UQ Equipment Tag No 4031/00264/000 
 Bayonet Neill-Concelman (BNC) adaptor  
 BNC to microdot cable 
 BNC to BNC cable  
 LF Charge amplifier type 2628, serial number- 504315 
 TDS 2024B Oscilloscope, UQ Equipment Tag No. 4103/00631/000 
 Multimeter 
 Surgical scalpel  
 Calibration Impact Hammer, Model No. 086C04, Serial No. 9776 (Calibration 
Certificate presented in Appendix F) 
 
 
Figure 9- Experimental benchtop testing assembled apparatus as in section 2.6.2 
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2.6.2 Procedure  
1. Measure and cut a small square of the piezoelectric film using the surgical scalpel  
2. Mix conductive epoxy and apply to sting as outlined in section 2.3.2 
3.  Apply the adhesive to the underside of the piezoelectric film and place on top of the 
conductive epoxy 
4. Cut 2 pieces of copper wire and use the conductive epoxy to attach one of the wires to 
the top of the film and the other on the sting itself as shown in Figure 4 
5. Leave the epoxy to cure for 96 hours (curing time specific to the epoxy used) 
6. Check that the piezoelectric film has not shorted by using a multimeter  
7. Solder the two copper wires to the BNC adaptor  
8. Connect the adaptor to the charge amplifier using the BNC to microdot cable, and 
connect the charge amplifier to the oscilloscope through the BNC to BNC cable as per 
Figure 9 
9. Set up the charge amplifier to a voltage setting of 1V and the maximum frequency range  
10. Calibrate the oscilloscope to set a trigger point of approximately 2V in amplitude, and 
at a small time offset along the x-axis to produce data before the impact 
11. Hit the end of the sting with a hammer and save the results from the oscilloscope  
2.7 Results and Discussion  
Four sets of experimental data were collected to confirm repeatability in the analysis of the 
results. For each set of data, the impulse response was generated by conducting 100 iterations 
of the deconvolution process through the FORTRAN computer program HYFORCE (Mee, 
2007). This was achieved using the impact hammer data as the input force and strain response 
as the output signal. The generated impulse response function should, theoretically, be capable 
of producing the strain response from any of the experimental tests to produce a history of the 
input force, regardless of which test the impulse response function was generated from. As the 
results were reasonably consistent across each test, only results from test 2 have been provided 
in this report. 
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Figure 10- Deconvoluted input force for test 2 from impulse response 2 compared to raw data input 
force from test 2 
The impulse response function corresponding to test 2 was obtained. This function was then 
used to deconvoluted the strain output from test 2 to produce an estimation of the input force 
history. To check that this history was valid, it was plotted on the same graph as the raw 
experimental data obtained directly from the impact hammer from test 2.  Both the 
deconvoluted estimation of the input and the raw hammer data were processed with a moving 
average time filter to reduce the noise present in the results. The resulting plot for this can be 
seen in Figure 10.  
The convention used in brackets of the graph title is (Impulse g, Ouput y) where g is the test 
trial number the impulse response function was obtained from, and y is the test trial number of 
the compared raw data output signal.  
The impulse response function from test 2 was then used to deconvolve the strain output from 
test 3 to produce an estimation of the input force history from the third test. This result, once 
again processed with a moving average filter, was plotted against the raw experimental data 
obtained directly from the impact hammer from test 3.  
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Figure 11- Deconvoluted input force for test 3 from impulse response 2 compared to raw data input 
force from test 3 
From analysis of Figure 10 and Figure 11 it can be seen that the raw data from the impulse 
hammer shows a secondary smaller peak approximately 0.0005 seconds after the initial impact 
peak. This unexpected phenomenon was consistent across all of the experimental results. The 
source of this signal could be attributed to multiple hits or ‘hammer bounce’. However, as the 
impulse response function is formed from both the hammer data and strain response, it is 
expected that the results should model this second impact as well. As such, it is unlikely that 
‘hammer bounce’ is the cause of the issue. An alternate possible cause of this signal could be 
how the hammer was handled post impact. If the hammer was bumped or moved after the 
impact when it was not contact with the sting, the strain output would only be a response to the 
first impact. This could explain why the impulse response function does not model this second 
peak.   
Despite this, it is clear that the impulse response function of the SWFB is able to, with 
reasonable accuracy, produce the hammer’s initial impact force. Although the second peak was 
unexpected, it does not have any bearing on the results as calibration is only required for the 
initial impact force.   
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3.0 Electromagnetic Literature Review  
As the name suggests, electricity and magnetism are two facets of electromagnetism. Originally 
developed as two separate theories, it was not until 1864 that James Clerk Maxwell discovered 
that they were, in fact, related (Gregersen, 2011). In 1905, Albert Einstein showed through his 
special theory of relativity that they were actually two aspects of the same phenomenon 
(Gregersen, 2011). This section of the report will show that electricity and magnetism behave 
very differently and can be described and understood with different equations. However, both 
are important in understanding electromagnetic phenomena and devices.  
3.1 Electricity  
3.1.1 Coulomb’s Law 
Coulomb’s Law describes the electric force between charged objects. This was outlined by 
Knight (2013) and is summarized below: 
An electric force F on charge 𝑞1due to charge 𝑞2 at a distance r apart and is given by 
 
𝐹 =
𝑘𝑞1𝑞2
𝑟2
=
𝑞1𝑞2
4𝜋𝜖𝑟2
 
 
(15) 
where 𝜖 is the electrical permittivity of the medium, k is Coulomb’s electrostatic constant and 
F is given in Newtons. The force is repulsive for two like charges and attractive for two opposite 
charges. Coulomb’s law only applies to point charges, however, the electric forces can be 
superimposed (Knight, 2013). The electric field vector E can be derived from this relation by 
considering one of the charges, q, as the source, and the other as a test charge, q’ (Ravaioli et 
el, 2015).  
 𝑬 = ?̂?
𝑞
4𝜋𝜖𝑟2
 (16) 
In this expression, ?̂? is the unit vector from q to q’, and E is measured in volts per meter. The 
electric force can then be written as 
 𝑭 = 𝑞′𝑬 (17) 
The electric flux density D can be related to the electric field intensity as follows  
 𝑫 = 𝜖𝑬 (18) 
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The electrical permittivity of free space 𝜖0 can be multiplied by the materials relative 
permittivity 𝜖𝑟 to determine the electrical permittivity of the medium (Ravaioli et el, 2015).  
 𝜖 = 𝜖0𝜖𝑟 = 8.85 × 10
−12 × 𝜖𝑟 
(19) 
3.1.2 Conductors and Insulators  
The electromagnetic constitutive parameters of a material are its electrical permittivity ε, 
conductivity σ and magnetic permeability µ (Ravaioli et el, 2015). If these properties are 
constant throughout the medium it is said to be homogenous, and isentropic if these properties 
are the same in all directions. The electrical permittivity has already been discussed, and the 
magnetic permeability will be discussed in a later section of the report.  
The conductivity of a material is a measure of how easily electric current, or more specifically 
electrons, can travel though a material under the influence of an externally applied electric field 
(Ravaioli et el, 2015). The electrons in an insulator are all tightly bound to the positive nuclei 
and are not free to move around, whereas in conductors the outer atomic electrons are only 
weakly bound to the nuclei (Knight, 2013). As the atoms come together to form a solid, these 
electrons become detached from their parent nuclei and are free to wonder through the entire 
solid (Knight, 2013).  
3.1.3 Heating in Conductors 
Ohm’s law, discovered experimentally by George Ohm in 1826, defines the relationship 
between voltage and the current through a conductor in terms of its resistance (Kraus, 1999). 
This correlation, once again outlined by Knight (2013), states that the voltage, V, between the 
ends of a conductor is equal to the product of its current I and resistance R. 
 𝑉 = 𝐼𝑅 (20) 
The input power P, measured in watts, to a system can be expressed as  
 𝑃 = 𝑉𝐼 (21) 
Combining equation 20 and 21 gives Joule’s Law. 
 𝑃 = 𝐼2𝑅 (22) 
Joule heating, which is also called resistive heating and ohmic heating, is the process by which 
the flow of electric current though a conductor produces heat. This expression represents the 
heat dissipated in resistance per unit time. To obtain the energy consumed by the system, 
equation 22 is multiplied by the period of time over which the problem is being analysed.  
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When considering heating, it is also useful to define specific heat. The specific heat, 𝑐𝑝, of a 
material is the amount of heat per unit mass required to raise the temperature by one degree 
Celsius (Dartmouth, n.d.). The relationship between heat and temperature can be expressed by 
 𝑞 =
𝑚𝑐𝑝Δ𝑇
𝑡
 
(23) 
 
where q is the heat transfer rate in watts, m is the mass, Δ𝑇 is the temperature difference and t 
is time.  
3.1.4 Current  
It is important to note that electrical charges cannot be created or destroyed (Cheng, 1993). As 
such, the net quality of electric charge is always conserved. This is the principle of conservation 
of charge. It is a fundamental postulate of physics and forms the basis of Kirchhoff’s current 
law.  
 ∑ 𝐼 = 0 (24) 
Kirchhoff’s current law, shown in equation 24, states that the algebraic sum of all the currents 
flowing out of a junction is zero. This relation, derived for stationary fields and currents, also 
applies to time-varying situations as long as the dimensions of the circuit are much smaller than 
a wavelength (Umran, 1999).  
Direct current (DC) is a flow of electric charge that does not change direction. Direct current is 
produced by batteries, fuel cells and rectifiers (Gergersen, 2011). Conversely, alternating 
current (AC) changes direction periodically.  
3.2 Magnetism  
3.2.1 Magnetic Relationships  
Ravaioli (2015) defined a number of important magnetic relationships, some of which are 
outlined below.  
A magnetic field is a region within which the force of magnetism acts. This region can be that 
surrounding a magnetic material, such as a permanent magnet, or caused by moving electric 
charges. The magnetic flux density B and the magnetic field intensity H are related by 
 𝑩 = 𝜇𝑯 (25) 
where 𝜇 is the magnetic permeability of the material.  
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It was shown earlier in equation 18 that the electric flux density and the electric field intensity 
follow a similar relationship as shown in equation 25. Both of these relations are only valid 
when the medium is linear and isentropic. However, this does not hold true for ferromagnetic 
materials for which the relationship between B and H is non-linear. In a magnetic material, 
equation 25 is modified to: 
 𝑩 =  𝜇0𝑯 + 𝜇0𝑴 = 𝜇0(𝑯 + 𝑴) 
(26) 
where M is the magnetization vector defined as the vector sum of the magnetic dipole moments 
of the atoms contained in a unit volume of material, and 𝜇0 is the magnetic permeability of free 
space (Ravaioli et el, 2015). In most magnetic materials the following relation applies: 
 𝑴 = 𝜒𝑚𝑯 
(27) 
In this relation, 𝜒𝑚 is the dimensionless quantity called the magnetic susceptibility of the 
material. For diamagnetic and paramagnetic materials 𝜒𝑚 is a constant. For ferromagnetic 
materials, however, 𝜒𝑚 is nonlinear and also depends on the history of the material. Combining 
equations 26 and 27 yields: 
 𝑩 =  𝜇0(𝑯 + 𝜒𝑚𝑯) = 𝜇0(1 + 𝜒𝑚)𝑯 
(28) 
The permeability of the material can be defined as: 
 𝜇 = 𝜇0(1 + 𝜒𝑚) 
(29) 
It is convenient to define this in terms of the relative permeability k 
 𝑘 =
𝜇
𝜇0
= 1 + 𝜒𝑚 (30) 
Thus, equation 25 becomes: 
 𝑩 = 𝜇0𝑘𝑯 
(31) 
 
Ferromagnetic materials exhibit unique magnetic properties due to the fact that their magnetic 
dipole moments tend to readily align along the direction of an external magnetic field (Ravaioli 
et el, 2015). The magnetic moment of a current loop has a direction normal to the plane of the 
loop in accordance with the right-hand rule shown in Figure 14. The magnetization behaviour 
of ferromagnetic materials is strongly non-linear. The permeability of these materials is a 
function of the magnetic field strength. As such, equation 31 becomes: 
 𝑩 = 𝜇(𝐻)𝑯 (32) 
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In this case, a B-H curve is used to accurately define the behaviour of the material. An example 
B-H curve is given below.   
 
Figure 12- B-H Curve for Different Materials (AspenCore Inc., 2016) 
As the current is increased the magnetic field strength increases. The magnetic flux density will 
also increase according to the defined curve. However, there is a limit to the amount of flux that 
can be generated as eventually the magnetic saturation point is reached. 
Within ferromagnetic materials, groups of atoms form magnetic domains which are randomly 
aligned (The University of Alberta, 2017). When subject to a magnetic field, the magnetic 
domains align in the same direction which increases the strength of the magnetic field. As the 
amount of current is increased, these domains become more aligned until eventually all domains 
are perfectly aligned (The University of Alberta, 2017). This is the magnetic saturation limit.  
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3.2.2 Lorentz Force  
A moving charge in a region where both electric and magnetic fields are present, experiences 
both an electric and magnetic force. The Lorentz force, denoted as 𝑭𝑳, is a combination of the 
electric and magnetic forces acting on the point charge, or the total electromagnetic force. The 
Lorentz force law was outlined by Cheng (1993), and is summarised below.  
When a small test charge q is placed in an electric field E, it experiences an electric force 𝑭𝑒   
 𝑭𝑒 = 𝑞𝑬 
(33) 
When the test charge is in motion in a magnetic field, it has been shown that the charge q also 
experiences a magnetic force 𝑭𝒎, given by 
 𝑭𝒎 = 𝑞𝒖 × 𝑩 
(34) 
In this equation, u is the velocity of the moving charge in m/s, and B is the magnetic flux density 
measured in teslas (T) or webers per square metre (Wb/m2). The total electromagnetic force 
acting on the charge q is the summation of the electric and magnetic force. 
 𝑭𝑳 = 𝑞(𝑬 + 𝒖 × 𝑩) 
(35) 
This is known as Lorentz’s force equation.  
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3.3 Electromagnetism  
3.3.1 Biot-Savart Law 
A fundamental law of electromagnetism is the Biot-Savart Law. It describes the magnetic field 
at a given point produced by the current in a wire (Knight, 2013). The principle of superposition 
can be used on electric currents that are either steady or slowly moving to break down any 
current into infinitesimal current elements. This process was outlined by Umran (1999) and is 
summarised below.  
The magnetic field vector at any point P, located at r, due to differential current element ds, 
located at r’, is given by 
 𝑑𝑩𝒑 =
𝜇0𝐼 𝑑𝒔 × ?̂?
4𝜋𝑅2
 
(36) 
This is depicted in Figure 13 where ?̂? is the unit vector pointing from the location of the current 
element to the field point P, and 𝑅 = |𝒓 − 𝒓′| is the distance between them.  
 
Figure 13- Two-dimensional view of magnetic field of a current element (Umran,, 1999) 
The cross product in equation 36 indicates that dB is perpendicular to both ds and ?̂?. The 
orientation of dB is determined from the right hand rule, shown in Figure 14. The current 
element 𝐼𝑑𝒔, shown in Figure 13 as 𝐼𝑑𝒍′, is part of a thin closed current loop 𝐶1, where the 
diameter of the conductor is much smaller than any other dimension in the system. This is 
important as it can then be assumed that all the current flows along the axis of the conductor 
(Umran, 1999). The total magnetic flux density is then calculated by taking the sum of the 
contributions from individual current elements 𝐼𝑑𝒔.  
 𝑩 =
𝜇0
4𝜋
∮
𝐼 𝑑𝒔 × ?̂?
𝑅2𝐶1
 
(37) 
Equation 36 and 37 form the Biot-Savart Law. 
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Figure 14- The right hand rule. (a) Determine direction of B from direction of I. (b) Determine direction of the cross product 
(Umran, 1999).  
3.3.2 Ampere’s Law 
Ampere’s Circuit Law is a useful relationship that relates the magnetic field around a closed 
loop to the electric current passing through the loop (Knight, 2013). It is a mathematical 
consequence of the Biot-Savart Law and states that the line integral of B over any closed circuit 
C is a constant and given by 
 ∮ 𝑩 . 𝑑𝒔 = 𝜇𝟎𝑰
𝐶
 
(38) 
where once again 𝜇𝟎 is the magnetic permeability of free space. For non-static fields, an 
addition is made to Ampere’ Law 
 ∮ 𝑩. 𝑑𝒔 = 𝜇𝟎𝑰 + 𝜖0𝜇𝟎
𝑑Φ𝑒
𝑑𝑡
 
(39) 
where Φ𝑒 is the electric flux and 𝜖0 is the electrical permittivity of free space. Equation 39 is 
known as the Ampere-Maxwell law. With Maxwell’s addition, the equation now considers that 
magnetic fields can be generated not only by electric current and also by changing electric fields 
(Knight, 2013).  
3.3.3 Solenoid  
A solenoid, shown in Figure 15, is a coil consisting of a multiple turns of wire wrapped tightly 
around a cylinder with a current passing through each loop in the coil. It is a common and useful 
tool used to produce a strong magnetic field.  
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Figure 15- Solenoid of length L producing magnetic field from current I through wire (Miniphysics, 2016) 
The field inside the cylinder is highly uniform in strength and direction. The field lines outside 
of the coil are similar to that of a permanent bar magnet, producing a north and south pole at 
either end. Using a soft iron core as the cylinder within the solenoid, increasing the number of 
coils or increasing the current flowing through the wire will increase the strength of the 
magnetic field (Welsby, 1960). This will be discussed in more detail in a later section of the 
report.  
The cross section of a solenoid is shown in Figure 16. By considering an infinitely long solenoid 
and taking an integration path of length L, enclosing N turns of coil, Ampere’s Law can be used 
to calculate the field strength (Knight, 2013). 
 
Figure 16- Cross section of Solenoid 
The magnetic field within the solenoid has a uniform value B, and outside the coils has a value 
of zero. The current passing through the enclosed region is 
 𝐼𝑒𝑛𝑐𝑙𝑜𝑠𝑒𝑑 = 𝑁𝐼 
(40) 
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Ampere’s law is thus 
 
∮ 𝐵 . 𝑑𝑠 = 𝜇0𝐼𝑒𝑛𝑐𝑙𝑜𝑠𝑒𝑑 = 𝜇0𝑁𝐼
𝐶
 
𝐵𝐿 = 𝜇0𝑁𝐼 
𝐵 = 𝜇0𝑛𝐼 
(41) 
where 𝑛 =
𝑁
𝐿
. 
This expression is altered when a ferromagnetic core is introduced. 
 𝐵 = 𝜇0𝑘𝑛𝐼 
(42) 
Where k is the relative permeability of the core material.  
Calculating the magnetic field strength at the ends or outside of the solenoid proves more 
difficult as B is not uniform hence Ampere’s law cannot be used. In this case, to determine the 
magnetic flux density, dB can be calculated for one ring of wire and then an integration 
performed over all coils to find B. The process for this was outlined by Richmond (2014) and 
is summarized below. 
The magnetic field strength of a small segment of coil at the top of the loop is determined from 
the Biot-Savart Law. 
 𝑑𝑩 =
𝜇0𝐼 𝑑𝒔 × ?̂?
4𝜋𝑅2
 
(43) 
The direction of 𝑑𝑩 points down and to the right as shown in Figure 17.  
 
Figure 17- Schematic for determining the magnetic field of small segment of coil 
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A field of the same strength will be created by the segment at the bottom of the loop where the 
direction would point up and to the right. Hence, the vertical component would cancel, resulting 
in an equation for the horizontal magnetic flux strength of a small segment.  
 𝑑𝑩 =
𝜇0𝐼 
4𝜋
×
𝑑𝒔
𝒓𝟐 + 𝒓′𝟐
×
𝒓′
√𝒓𝟐 + 𝒓′𝟐
 (44) 
Integrating over each segment of the wire gives  
 𝑩 =
𝜇0𝐼 
4𝜋
×
𝒓′
(𝒓𝟐 + 𝒓′𝟐)
3
2
× 2𝜋𝑟′ =
𝜇0𝐼 
2
𝒓′2
(𝒓𝟐 + 𝒓′𝟐)
3
2
 (45) 
The above equation is the magnetic flux density along the axis for a single loop of the coil. To 
determine the total magnetic flux density, an integration must be performed over all loops. The 
total flux density at point P which is D away from the edge of the solenoid is: 
 𝐵 =
𝜇0𝐼𝑛 
2
[
𝐷 + 𝐿
√(𝐷 + 𝐿)2 + 𝑟′2
−
𝐷
√𝐷2 + 𝑟′2
] (46) 
where L is the total length of the solenoid.  
3.4 The Electromagnet  
In the 1820s, William Sturgeon developed a number of instruments designed to display a variety 
of electromagnetic effects. One of these apparatus consisted of varnished copper wire coiled 
around a soft iron bar in the shape of a horse shoe (Morus, 2014). This later became known as 
the electromagnet, and the principle behind it is widely used in a number of applications 
including motors and loud speakers (Ravaioli et el, 2015). In general terms, an electromagnet 
consists of any combination of electric conductors, with or without magnetic material present, 
arranged so that when an electrical current flows through one or more turns of conductor, a 
magnetic field is generated (Underhill, 1924). Electromagnets can be constructed in various 
geometries, including a linear solenoid, U-shaped and E-shaped. A diagram for a linear solenoid 
electromagnet with an iron core can be seen in Figure 18a.  
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Figure 18- a) Solenoid electromagnet with an iron core, b) Permanent bar magnet 
An electromagnet is often used when controllable magnets are required, as they allow the 
magnetic flux to be varied, reversed or switched on and off (Gregersen, 2011). When an electric 
current flows through the insulated wire, which is coiled around a central core, a magnetic field 
is induced resembling that generated by a permanent bar magnet (Ravaioli et el, 2015). The 
field generated from a permanent magnet is shown in Figure 18b. The strength of the magnetic 
field is proportional to the current, number of turns or wire and the magnetic permeability of 
the core material (Ravaioli et el, 2015).   
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3.4.1 Electromagnet Design Factors 
To create a strong electromagnet, the number of turns of wire and current supply should be 
maximised. However, both of these factors will be limited by the amount of heat that will be 
produced from the electromagnet. The coil diameter and material needs to be selected based on 
the amount of current flowing through the wire, to ensure it can handle it. In the case of this 
design, there is an additional limitation in terms of the current that is able to be supplied into 
the X2 facility.  
Introducing a ferromagnetic core into the centre of electromagnet will increase the magnetic 
field strength. Ferromagnetic materials, such as iron, concentrate the magnetic flux making it 
denser and amplifying the magnetic field created by the current in the coil (Ravaioli et el, 2015).   
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4.0 Electromagnet Analysis  
With the essential theory of electromagnetism outlined, this section will provide an evaluation 
of two alternate approaches of analysing an electromagnet. Prior to designing the 
electromagnet, it was first necessary to develop a reliable and accurate method of analysing 
potential designs.  
4.1 Definitions  
Figure 19 displays definitions and parameters that will be referred to throughout the remaining 
chapters. 
 
Figure 19- Electromagnet Parameter Definitions 
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The core, coil and electromagnet radius are as defined in the diagram. Most of the result plots 
will display the magnetic flux density along the magnet centre axis. This represents the 
magnitude of the flux density along the length of the z-axis, starting 20mm below the core and 
ending 20mm above the core. Some result plots will refer to the flux density outside the magnet 
poles. This refers to the magnitude of the flux density in the regions above or below the core. 
How far the regions extend outside the poles will be referred to as the region of influence. The 
current and number of turns will be combined into one factor called the Amp-turns, the units 
for which will be denoted At.  
4.2 Analytical Analysis  
Basic analytical calculations were performed based on the relations outlined in section 3. 
Equation 42 and Equation 46 were used to calculate the maximum magnetic flux density in the 
centre of the electromagnet core, and along the axial length of the magnet respectively.  
As can be seen from equation 42 the relative magnetic permeability of the core material scales 
the results of the magnetic flux density of a vacuum or air core magnet. Two electromagnets 
were considered: an iron core magnet with a relative permeability of 4000, and an air core 
magnet with a relative permeability of approximately 1. The magnetic flux density of these two 
magnets can be seen below.  
 
Figure 20- Magnetic Flux Density Plot at Centre of Iron and Air Core 
As expected, the magnetic flux density of the iron core magnet is 4000 times greater than that 
of the air core. It was acknowledged that this analysis would be accompanied with some errors, 
as the formulation of equation 42 assumes an infinitely long electromagnet. With this 
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assumption, the end ‘curling’ effects of the magnetic field are neglected and the flux lines are 
assumed to be completely straight. The magnitude of the variation produced by this assumption 
will be discussed later.  
This analysis was only able to provide the maximum magnetic flux density, which occurs at the 
centre of the electromagnet. Further investigation was required to calculate the flux density 
along the length of the electromagnet. To do this, equation 46 was coded in Python 3.5 and the 
results seen below.  
 
Figure 21- Analytical Results for and Iron Core Electromagnet 
To produce this particular result, the length, diameter, relative permeability and Amp-turns 
were assumed to be 60mm, 15mm, 4000 and 1000At respectively. As can be seen above, the 
resulting magnetic flux density is unrealistically high. This is due to a number of factors 
including the magnetic saturation limit not being accounted for in this theory, and the infinite 
length assumption used to derive the equations. These will be discussed in a later section of the 
report. Altering these parameters alters the magnitude of the result, but the relationship 
remained reasonably constant. This can be seen in Figure 22.   
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Figure 22- Analytical Results for Different Electromagnet Configurations 
4.3 Electromagnet Field Simulation Analysis  
An electromagnetic field simulation software package, ANSYS Maxwell, is a Finite Element 
Analysis (FEA) package that was used in this project for the design and analysis of the 
electromagnet. With this program, users are able to gain an understanding of the performance 
of electromechanical systems through a number of solvers (ANSYS Inc., 2017). The Maxwell 
package has both 2D and 3D simulation programs. For this analysis, the 2D program was used 
as the electromagnet is axisymmetric. A basic set up procedure for the design and analysis in 
this program is included in Appendix D.   
In Maxwell 2D, the electromagnet is modelled in the XZ plane and is symmetrical about the Z 
axis. Figure 23 shows an electromagnet 60mm in length with a core diameter of 15mm. These 
measurements were selected based on the available space in the experimental model which will 
be discussed in a later section of the report. The Amp-turns were set to 1000At and the core 
was iron with a relative magnetic permeability of 4000. This is the same configuration as was 
analysed in section 4.1.  
A magnetostatic analysis was performed on the above configuration and the magnetic flux 
density was calculated. The results for this can be seen in Figure 24.  
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Figure 23- Electromagnet Geometry in Maxwell 2D 
 
Figure 24- Maxwell 2D Results 
37 
 
4.4 Comparison of Analysis Methods  
From analysis of Figure 21 and Figure 24 it is clear that there is a major discrepancy between 
the analytical theory calculations and the simulation results. To determine the extent of this 
variation, the Amp-turns were incrementally increased in Maxwell 2D and the magnetic flux 
density at the centre of the iron core was recorded. This was compared against the magnetic 
flux density produced from the analytical analysis. The results of this study are shown below.  
 
Figure 25- Comparison of Simulation and Analytical Theory Results 
The cause of this discrepancy was attributed to the fact that the analytical calculations are 
derived off of the assumption that the electromagnet is infinitely long. As can be seen from 
Figure 16, a small area of an infinitely long electromagnet is used to derive the theoretical 
relations.  
As can be seen from Figure 26, when a small area at the centre of the electromagnet is 
considered, the field lines are reasonably straight, while at the ends they are not. With the 
infinitely long assumption, the end effects of the electromagnet are ignored.  
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Figure 26- Flux Lines at Centre of Core 
In reality, the magnetic field curls around the end of solenoid and follows the appropriate path 
to the opposite pole of the magnet. The simulation takes these curling effects into account and 
is, thus, far more accurate.  
To show that the analytical theory assumptions were the cause of the discrepancy and that there 
were no errors in the simulation, an infinitely long electromagnet was simulated in Maxwell 
2D. To achieve this, the boundary conditions were altered at each pole to simulate an infinite 
length. The results of this are shown below.  
39 
 
 
Figure 27- Simulation Vs Theory for Different Magnets 
In Figure 27, electromagnet 1 represents the original 60mm length electromagnet, and 
electromagnet 2 represents an electromagnet whose length was increase by a factor of 3 to better 
refeclt the infinite length condition. The remaining two series on the graph are the 
electromagnet with infinite boundary conditions and the theoretical results. 
Increasing the length by a factor of 3 showed an increase in the magnetic flux density closer to 
that predicted by theory. In this simulation, the Amp-turns were also increased by a factor of 
three to reflect the increased number of turns along the additional length. The infinite 
electromagnet produced results much closer to the theoretical formulation.  
An interesting observation that was noted was that this variation between the idealised 
theoretical results and the simulation results was not present when the core material was 
changed to vacuum or air. The only simulation parameter being altered from the iron core to 
the air core electromagnet is the relative permeability of core material. In iron this value is 4000 
and in vacuum and air this value is 1.   A comparison of the air core simulation and analytical 
theory results are shown below.  
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Figure 28- Air Core Simulation Vs Analytical Theory Results 
From Figure 28 it is clear that the theory and simulation results are almost identical. To explore 
this, the effect of changing the relative permeability of the core material was investigated in 
Maxwell 2D.  
 
Figure 29- Permeability Investigation in Maxwell 2D 
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The magnetic permeability of the core material dictates how strongly the magnetic field will be 
affected by the end curling effects. If the ratio of the permeability’s between the core and the 
surrounding material is low, such as when the core is air and the surrounding material is 
vacuum, then the magnetic flux lines will remain reasonably straight throughout the entire 
electromagnet geometry. If this ratio is high, the magnetic field tends to twist or curl out of the 
core at the poles.  
By studying the effects of the infinite electromagnet, as well as the core permeability, and 
comparing these results to what is expected from idealised theory, it’s clear that the simulation 
is able to produce accurate results. Hence the analysis can proceed with confidence that the 
simulation will produce correct results.  
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5.0 Electromagnet Design  
Maxwell 2D provides a reliable method of analysing the electromagnet. In this section of the 
report, limitations will be outlined and the analysis tool will be used to vary parameters within 
these limitations.  
There were a number of factors that influenced the final electromagnet configuration. As 
already discussed, the factors that affect the electromagnet strength are the number of turns of 
wire, the current supply and the magnetic permeability of the core material. There are also a 
number of additional factors, such as heating and existing experimental designs, that need to be 
considered as they provide governing limitations.  
A basic and advanced analysis were performed to gain a thorough understanding of the 
dependency of the electromagnet strength on various parameters.  The basic analysis involved 
changing only one parameter at a time while keeping all others constant. The advanced analysis 
involved varying multiple parameters at once.  
5.1 Basic Analysis 
A basic analysis involves changing one of the primary variables at a time while keeping all 
others constant. The benefit of this analysis is gaining a good understanding of how each 
variable individually impacts the magnetic flux density. The core dimensions, material 
permeability, current supply and number of wire turns were all factors investigated in this 
section.  
5.1.1 Core Dimensions  
The existing experimental configuration, shown in Figure 30, was a major factor that limited 
the electromagnet design. The original experimental configuration utilises a permanent magnet, 
as the source of the magnetic field, and an accelerometer to measure the Lorentz force. A 
wireframe view of the original design can be seen below, with the permanent magnet, 
accelerometer and accelerometer-to-magnet adapter piece highlighted in green.  
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Figure 30- Cross Section of Accelerometer and Permanent Magnet Configuration 
This configuration has already been modified by Jorgensen (2016) who removed the 
accelerometer and replaced it with the SWFB configuration. The aim is to replace the 
permanent magnet with the designed electromagnet. As such, the electromagnet needs to be 
able to fit inside the experimental configuration. The permanent magnet, adaptor and 
accelerometer were removed and the available space was analysed. This can be seen below in 
Figure 31. The decision was made to use a cylindrical core. Alternate designs were considered 
including a U-shape E-shape core. However, a cylindrical core electromagnet was deemed most 
suitable for the available space.  
 
Figure 31- Available Space in Experimental Configuration 
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From analysis of Figure 8 and as shown above in Figure 31, it can be seen that the current SWFB 
sting would need to occupy approximately 93mm of the available axial space in the front of the 
design. This leaves approximately 45 mm of space for the electromagnet and some form of 
adaptor piece to be installed. As a longer electromagnet allows more turns of wire to be 
installed, the decision was made to maximise the length. Therefore, options of increasing the 
available space to allow for an even longer electromagnet were investigated.  
As can be seen in Appendix B, the minimum required sting length is 0.235 𝑚, however a length 
of 0.3 𝑚 was selected to increase the usable test time. The sting is 65 mm longer than its 
minimum required length. Decreasing the sting length by 30 mm would still result in a sting 
well above the minimum required length, but will provide the additional benefit of allowing a 
larger electromagnet to be installed. The sting would go from occupying 93 mm of the frontal 
area, to 63 mm. This would leave 75 mm for an electromagnet and adaptor piece to be installed. 
The decision was made to investigate a 60mm electromagnet length, as this leaves a sufficient 
region for an adaptor piece to be fitted to secure the electromagnet in place.  
As previously outlined, the longer the electromagnet, the more turns of coil that that can be 
wound, which results in an increased magnetic flux density. As explained in Appendix D, in 
the Maxwell 2D program the number of turns is set constant in the Amp-turns parameter. If the 
Amp-turns are remaining constant and the only variable changing is the length, then it is 
expected that the magnetic flux density would decrease with increasing length. In reality, the 
length would not be increased without adding more turns of wire along the additional length, 
thus altering only the length in Maxwell 2D would not prove beneficial.  
The decision was then made to investigate the core width. A 10-20mm electromagnet core 
diameter range was investigated, as this leaves plenty of space for the coils and an adaptor 
piece. A Maxwell 2D simulation was created to investigate the effect of the width for an 
electromagnet 60 mm in length, with 2000 Amp-turns and a constant magnetic permeability. 
The Amp-turns and permeability were arbitrarily chosen as the only parameter of interest in 
this simulation was the core diameter. The results for the magnetic flux density along the 
magnet centre axis for this electromagnet configuration is shown in Figure 32.  
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Figure 32- Core Radius Investigation in Maxwell 2D 
The larger the cross-section area of the core, the more resistance there will be in each turn of 
coil for a particular wire gauge. A greater resistance results in a lower current as per equation 
20, and thus a lower magnetic flux density. This is corroborated by Figure 32 that shows the 
thinnest core has the largest maximum magnetic flux density.  
However, what occurs at either end of the electromagnet is of greater interest in this project as 
this will be the field that interacts with the ionized flow. A large magnetic flux density is desired 
outside of the electromagnet poles, with a large area of influence. Zooming in on the region of 
influence, corresponding to the first 20mm in the above plot, results in Figure 33.  
 
Figure 33- Flux Density outside Magnet Pole 
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From this it can be seen that at the very end of the electromagnet, which is represented by the 
20mm mark in the above graph, the thinner cores still produce higher magnetic flux densities. 
However, at 7.5mm outside of the electromagnet this trend changes. After this point, the thicker 
electromagnet cores produce slightly higher flux densities.  
5.1.2 Permeability  
The permeability of iron can range from 200 up to 4000 depending on its particular 
composition. Permeability’s ranging from 1 to 4000 were investigated, the results for which are 
shown in Figure 29. 
In this permeability investigation, a constant 60mm length magnet was used at a constant Amp-
turns and core width. As expected, the magnetic flux density increases as the core’s 
permeability increases. Increasing the permeability showed not only a significant increase in 
the magnetic flux density at the centre of the magnet, but also an increase at the poles, which 
are located at 20 and 80mm on Figure 29.  
However, in reality the permeability of iron is not constant. As the Amp-turns increases so does 
the magnet field strength, H. As H is increased, eventually a saturation limit will be reached 
and the magnetic flux density, B, will plateau. This saturation limit is not accounted for when 
assuming a constant permeability, and thus constant relationship, between B and H. An accurate 
B-H curve for the core material needs to be created. This will be explored further in the 
following Current and Number of Turn’s investigation.  
5.1.3 Current and Number of Turns  
A primary current limitation was the amount that is able to be supplied to the X2 facility, where 
experimental testing will eventually occur. The University of Queensland have a number of 
power supply options. In terms of providing large current into the X2 facility, there are two 
rectifiers available: 
1. Rectifier 1: Maximum power supply ~ 12 Volts DC 
2. Rectifier 2: Maximum power supply ~ 24 Volts DC 
A rectifier is an electrical device that converts alternating current (AC), to direct current (DC) 
by allowing a current to flow through the device in only one direction (Gregersen, 2011). To 
operate the rectifiers, the voltage is manually set and the amount of current will depend on the 
circuit’s resistance in accordance with equation 20.  
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In order to get this power inside the facility dump tank or test section, shown in Figure 3, there 
are two electrode inserts which attach onto the side of the dump tank. These electrodes are 
pictured in Figure 34.  Cables are then used to connect the power supply to the external side of 
the electrodes. Another set of cables then connects the internal side of the electrode to the 
electromagnet.   
 
Figure 34- Electrode Inserts of X2 Facility 
The current flowing through the conductor coil is a major influencer on the magnetic flux 
density. The available rectifiers are able to provide up to 24 Volts or 1500 Amps of power. A 
large current range was investigated to view the effect on the magnetic flux density. 
As outlined in appendix D, the software program does not allow just the current to be altered, 
but rather the product of the current and number of turns. The minimum value investigated was 
10A, with 100 turns, resulting in 1000At. The maximum value investigated was 20A with 300 
turns, resulting in 6000At. The results of this investigation are shown in Figure 35 
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Figure 35- Amp-turns Investigation in Maxwell 2D 
In this Amp-turns investigation, a constant 60mm length magnet was used, which was set at a 
constant magnetic permeability and width. As expected, increasing the current supply and 
number of turns increased the magnetic flux density significantly. However as previously 
mentioned, assuming a constant permeability is not accurate as the saturation limit of the 
material is not accounted for. An accurate B-H curve for the core material needs to be created.  
The B-H curves for iron vary significantly depending on the manufacturer and specific 
composition. As such, using an experimentally measured B-H curve would be the best option 
for accurate results.  However, as this information was not available at this stage of the project, 
a B-H curve for a Nickel-Iron soft magnetic alloy, which was provided in Maxwell 2D, was 
used.  
49 
 
 
Figure 36- B-H Curve for Nickle-Iron Alloy 
This particular alloy was selected as it was the only iron based material in the Maxwell 2D 
material library that provided a B-H curve. The saturation limit of this particular material is 
significantly lower than the iron that will be used. However, investigating this material will 
give an indication of how a material behaves above and below its saturation limit. 
The effect of increasing the Amp-turns was re-investigated. A constant core length and diameter 
were again used, however this time a non-linear magnetic permeability was defined by the 
above B-H curve. The Maxwell 2D simulation results of this investigation are displayed in 
Figure 37.  
 
Figure 37- Amp-turns Investigation with B-H Curve Defined in Maxwell 2D 
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From analysis of this figure, it can be seen that once the saturation limit of approximately 0.7T 
is achieved, the magnetic flux density still increases. From equation 32 we know that the 
permeability is the factor which relates the magnetic field strength to the magnetic flux density.  
𝑩 = 𝜇(𝐻)𝑯 
However, a materials permeability is a function of the magnetic permeability of free space and 
the relative permeability of the core. By rearranging equation 30 we get: 
𝜇 = 𝜇0𝑘 
As 𝜇0 is a constant, it is the relative permeability, k, that is a function of the magnetic field 
strength. Equation 32 then becomes: 
𝑩 = 𝜇0𝑘(𝐻)𝑯 
Although the saturation limit of the material is reached, the magnetic flux density still increases 
by a small amount proportional to the magnetic permeability of free space 𝜇0 . Although this 
Nickle-Iron alloy is not the material that will be used in the final design, it is important to note 
that even if the saturation limit of the core material is reached, the magnetic flux density will 
continue to increase.  
Enabling a nonlinear material also resulted in some of the elements at the corners of the core 
saturating and resulting in some unusual and unpredictable effects on the magnetic flux density. 
Although the magnetic flux density will continue to increase after the saturation limit is 
achieved, is would be more desirable to operate below this limit to avoid these end effects.  
5.1.4 Coil Heating  
As already mentioned, the amount of current will be limited by the heat produced by the 
electromagnet. The coil wire diameter and material need to be selected based on the amount of 
current flowing through wire. This selection is extremely important as the coil needs to be able 
to handle the desired amount of current without overheating and burning up.  
An iterative process was used to select an appropriate wire gauge. This process involved 
selecting a copper wire gauge at random, computing various parameters based off this selection, 
and then comparing the current in the system to the selected wire’s allowable current rating.   
For this investigation a 60mm length electromagnet was investigated. As the core width had 
not yet been selected, the process was repeated for both a 10mm and 15mm core diameter. The 
power supply voltage, number of turns of wire and wire gauge were the three factors that were 
altered throughout this process. The total wire length, resistance and current were then 
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calculated and compared to the maximum current rating for the selected wire gauge. The results 
that passed the above process are shown below, with the full results shown in the Appendix C.  
Table 1- Preliminary Heating Analysis Results 
Case Core 
Diameter 
(mm) 
Wire 
Diameter 
(mm) 
Number 
of turns 
of wire 
Voltage 
(V) 
Total 
Resistance 
(Ohms)  
Total 
Current 
(A) 
Maximum 
Current 
Rating 
(A) 
Amp-
turns 
(At) 
1 10 1 400 2 0.2763 7.24 9.5 2896 
2 10 1.3 400 3 0.1633 18.37 20 7348 
3 10 1.6 400 2 0.10676 18.73 24 7492 
4 15 1 400 3 0.4147 7.23 9.5 2892 
5 15 1.3 400 4 0.24505 16.32 20 6528 
6 15 1.6 400 3 0.160225 18.72 24 7488 
The results of this process were not completely conclusive as different sources provide different 
current ratings for the same gauge of wire. This is because different sources have different 
levels of what is considered an acceptable temperature based on the application of the wire. 
However, a conservative preliminary decision was able to be made based off these results.  
It was necessary to check if the above wire gauges and their corresponding number of turns 
would fit inside the current experimental configuration.  
The 10 mm core diameter was considered first. For case 1, assuming 59 coils could be applied 
along the 60mm length: 
𝑙𝑎𝑦𝑒𝑟𝑠 =
400
59
≈ 7 𝑙𝑎𝑦𝑒𝑟𝑠 
This configuration would require approximately 7 layers to achieve 400 turns.  
𝐶𝑜𝑖𝑙 𝑅𝑎𝑑𝑖𝑢𝑠 = 7 𝑙𝑎𝑦𝑒𝑟𝑠 × 1 𝑚𝑚 = 7 𝑚𝑚  
𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 7𝑚𝑚 × 2 = 14 𝑚𝑚  
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =  14 + 10𝑚𝑚 = 24 𝑚𝑚 
The total electromagnet diameter for case 1 would be 24mm. This calculation process was 
repeated for each case, and is summarised in Table 2: 
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Table 2- Total Diameter of Heating Cases 
Case Electromagnet Diameter (mm) Acceptable  
1 24 Yes 
2 33.4 Yes 
3 48.4 No 
4 29 Yes 
5 38.4 Yes 
6 53.4 No  
There is approximately 50mm width available for the electromagnet and adaptor piece that has 
yet to be created. Case 3 does not leave enough space for an adaptor piece to be installed, and 
case 6 is larger than the available diameter so these cases have been labelled unacceptable.  
It can be concluded from this that either a 1mm or 1.3mm gauge must be used. As seen from 
Table 1, the 1.3mm gauge allows a higher level of Amp-turns than the 1mm gauge, which will 
result in a higher magnetic flux density. As such, regardless of which diameter core is selected, 
a 1.3mm wire gauge will be used.  
5.2 Advanced Analysis  
From the basic analysis it was clear that increasing the material length, permeability and Amp-
turns results in increased magnetic flux densities. It was also shown that a thinner core diameter 
results in a larger maximum magnetic flux density in the core centre, but a lower flux in the 
regions outside of the electromagnet poles.  
However, altering one variable at a time while keeping all others constant is not necessarily an 
accurate representation of the optimal configuration. In particular, when the permeability is 
properly defined using a B-H curve, the effect of increasing the current or length will not 
necessarily result in the same outcome as if the permeability is left constant.  
With the B-H curve for the Nickle iron alloy defined, the core length and Amp-turns were 
altered, leaving the width at a constant 10mm. The Maxwell 2D results for the maximum flux 
density are shown in Figure 38, where the x-axis represents the magnet’s total length.  
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Figure 38- Length and Amp-turns Investigation in Maxwell 2D 
From this, as well as the basic analysis, it is clear that maximising the Amp-turns will increase 
the magnetic flux density. The length, however, is more complicated. If the level of Amp-turns 
result in field strengths below the materials saturation limit then increasing the length 
maximises the magnetic flux density. However, if the saturation limit is exceeded, then the 
smaller lengths produce higher flux densities. 
However, it is important to consider that with a smaller magnet, less turns of wire will be able 
to fit into the configuration which would result is lower Amp-turns. Thus it is not accurate to 
consider a 30mm and 60mm magnet at the same level of Amp-turns.  
First, a 30mm electromagnet was considered. Assuming 23 coils of the 1.3mm diameter wire 
could be applied along the 30mm length, this would require approximately 18 layers to achieve 
400 turns.  
𝐶𝑜𝑖𝑙 𝑅𝑎𝑑𝑖𝑢𝑠 = 18 𝑙𝑎𝑦𝑒𝑟𝑠 × 1.3 𝑚𝑚 = 23.4 𝑚𝑚   
𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 23.4 𝑚𝑚 × 2 = 46.8 𝑚𝑚  
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =  46.8 + 10𝑚𝑚 = 56.8 𝑚𝑚 
The total diameter of this electromagnet configuration would not fit inside the current 
experimental setup using the 1.3mm wire, and thus the configuration with high Amp-turns 
cannot be used. 
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Consider the same length electromagnet, this time using a 1mm diameter wire. Assuming 29 
coils of the 1mm diameter wire could be applied along the 30mm length, this would require 
approximately 14 layers to achieve 400 turns.  
𝐶𝑜𝑖𝑙 𝑅𝑎𝑑𝑖𝑢𝑠 = 114 𝑙𝑎𝑦𝑒𝑟𝑠 × 1 𝑚𝑚 = 14𝑚𝑚  
𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 14 𝑚𝑚 × 2 = 28 𝑚𝑚 
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =  28 + 10𝑚𝑚 = 38 𝑚𝑚 
This configuration would be able to fit inside the current experimental configuration. The 
allowable Amp-turns for this electromagnet is 2896At as per Table 1.  
To properly asses the length dependency, two electromagnets must be tested: a 30mm length at 
2896At and a 60mm length at 7384At.  
 
Figure 39- Magnetic Flux Density of 2 Different Magnets in Maxwell 2D 
From Figure 38 it was shown that at high Amp-turns a smaller magnet is stronger. However, a 
high level of Amp-turns cannot be achieved on the smaller magnet. If the current is increased 
the wire will burn up, and a larger number of turns will not fit into the experimental 
configuration with a core length that small. A longer core allows more turns of wire to be 
installed, and thus a higher magnetic flux density can be achieved as shown in Figure 39. It was 
concluded that the length of the electromagnet should be maximised.  
Up until this point, the advanced analysis has assumed a constant diameter core. The basic 
analysis showed some interesting results in the core diameter investigation, with the flux density 
decreasing with increasing core width in the magnet centre, with the opposite occurring in the 
region of influence. To further investigate this, a material with a higher saturation limit than the 
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previously investigated Nickle iron alloy was selected. The material, steel 1008, has a B-H 
curve defined in Maxwell 2D and has a saturation level closer to that of the desired iron. With 
this non-linear material defined, the core width was incrementally altered. The Amp-turns were 
set at a constant 6528At as per case 5 in Table 1. This was selected as both the case 2 and case 
5 configuration would be able to handle this level of Amp-turns. The results of this analysis are 
displayed in Figure 40.  
 
Figure 40- B-H Curve for Steel 1008 Defined with Changing Core Width in Maxwell 2D 
Figure 41 shows a closer look at the first 20mm of the above plot, which corresponds to the 
region outside of the electromagnet.  
 
Figure 41- Flux Density outside Magnet Poles with Changing Core Diameter in Maxwell 2D 
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From Figure 40 it can be seen that a thinner core, once again, results in a larger maximum 
magnetic flux density in the core centre. However, Figure 41 shows that a thicker core will 
result in a larger flux density outside of the electromagnet with a larger region of influence 
outside the poles.  
For the application of this project, a thicker core is more desirable as the flux will be greater in 
the region outside of the electromagnet. However, as seen in Table 1, the thicker core has a 
lower allowable Amp-turns from the basic heating analysis. A 60mm length electromagnet with 
a core manufactured from steel 1008, with a 10 and 15mm core diameter were tested. As per 
Table 1, the 10mm core has an allowable Amp-turns of 7348 while the 15mm core allows 
6528At. The magnetic flux density along the magnet centre axis for these two electromagnets 
is shown in Figure 42, where the purple curve represents the 10mm diameter magnet and the 
red curve the 15mm diameter. 
 
Figure 42- Magnetic Flux Density for 10mm and 15mm Diameter Magnet- Purple Curve=10mm 
length at 7348At, Red curve=15mm length at 6528At. 
It is clear from this analysis that the thicker core with the slightly lower Amp-turns results in a 
higher magnetic flux density in the region of influence, although not in the core centre.   
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5.3 Final Design  
Based on the analysis from section 5.1 and 5.2, an optimal electromagnet configuration was 
able to be selected. Below is a summary table of the selected electromagnet parameters.  
Table 3- Final Design Parameters 
Electromagnet Parameter  Value 
Core Length (𝐿𝑐𝑜𝑟𝑒) 60 mm 
Core Radius (𝑟𝑐𝑜𝑟𝑒)  7.5 mm 
Core Material  Iron  
Wire Gauge AWG 16 
Wire Diameter 1.3 mm 
Number of Coils  400 turns 
Coil Radius (𝑟𝑐𝑜𝑖𝑙) 11.7 mm 
Electromagnet Radius (𝑟𝑐𝑜𝑖𝑙 + 𝑟𝑐𝑜𝑟𝑒) 19.2 mm 
Resistant in Total Wire Length 0.24505 Ohms 
Voltage 4 V 
Current  16.32 A 
Amp-turns  6528 At 
The core material has been specified as iron. However, as has already been mentioned, the 
specific composition greatly effects the results. In addition, the performance can vary greatly 
between different manufacturers even if the same type of iron is requested. As such, for this 
configuration it is going to be assumed that the iron will have a similar field and flux 
performance to steel 1008. This material was selected as reliable B-H information is available 
in the Maxwell 2D material library, and the saturation limit is high. The actual B-H curve 
information should be obtained from testing a sample of the material.  
The above described electromagnet configuration was created and analysed in Maxwell 2D. 
The geometry, magnetic flux density contour and flux lines are shown below.   
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Figure 43- a) Electromagnet Geometry, b) Magnetic Flux Density Plot, c) Flux Lines 
The magnitude of the magnetic flux density along the magnet centre axis can be seen in Figure 
44. 
 
Figure 44- Magnetic Flux Density of Final Design in Maxwell 2D 
The maximum magnetic flux density, which occurs at the magnet centre, is 1.97 Tesla. The 
magnetic flux density at the electromagnet poles is approximately 0.3 Tesla.  
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This was compared to a strong permanent magnet of a similar geometric configuration. Figure 
45 shows the magnetic flux density of a Grade N52 permanent magnet with a diameter and 
length of 24.5mm.  
 
Figure 45- Magnetic Flux Density plot of N52 Permanent Magnet (K & J Magnetics, n.d.) 
As can be seen from this diagram, the maximum flux density is 0.768 T and is experienced in 
the centre of the magnet. The magnetic flux density at the permanent magnet poles lies 
somewhere between 0.59 and 0.63 T. 
Although the magnetic flux density in the centre of the electromagnet is considerably larger 
than that of the permanent magnet, it is the area of influence that is of concern. The permanent 
magnet possesses a larger flux density at the magnet poles than the designed electromagnet and 
would perform better in this application. This will be discussed further in section 5.1.3.  
5.3.1 Transient Thermal Analysis of Final Design  
To determine the temperature of the designed electromagnet over time, equation 22 was first 
used to calculate the electromagnet’s power.  
𝑃 = 𝐼2𝑅 = 16.372 × 0.24505 = 65.43 𝑊 
× 𝟏𝟎−𝟒 𝑻𝒆𝒔𝒍𝒂 
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This was then substituted into equation 23, where 𝑃 = 𝑞.  
𝑞 =
𝑚𝑐𝑝Δ𝑇
𝑡
 
The mass, m, was able to be calculated from the density of copper and the volume of the coil. 
This expression was then rearranged to solve for the temperature increase Δ𝑇. The final 
temperature of the electromagnet at some time, t, was then calculated by assuming the initial 
temperature of the electromagnet was 200𝐶. The results of the temperature over 60 seconds can 
be seen below.  
 
Figure 46- Temperature Vs Time Plot for Electromagnet 
This is a very simple, idealised calculation that assumes that the temperature will just continue 
to rise with no external factors effecting it. This is, however, not the case. There are a number 
of additional factors that will impact the results. These factors include convection, radiation and 
the amount of insulation around the copper wire. In addition, we do not expect the 
electromagnet to continue to rise in temperature along this linear trend forever, as eventually 
the magnet will get hot enough for the copper wire to burn and the electromagnet to fail.  
The electromagnet design was selected based on a very conservative assessment of the level of 
current that different gauges of wire can handle. This assessment was able to provide an 
estimate of what gauge of wire should be used and the resulting level of current. However, this 
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analysis does not consider a number of factors relevant to this project, such the experimental 
time scales and the acceptable temperature increase.   
Another thermal analysis of the electromagnet was conducted used equation 23. 
𝑞 =
𝑚𝑐𝑝Δ𝑇
𝑡
 
Assuming the initial temperature of the electromagnet was 200𝐶, an acceptable temperature 
increase of Δ𝑇 = 60𝑜𝐶 was selected corresponding to a magnet final temperature of 800𝐶. The 
heat dissipated per unit time, q, was then able to be calculated for the electromagnet operating 
over a 1ms, 10ms, 100ms, 1s, 10s and 100s period of time. Equation 22 was then used to 
determine the level of current that would result in the maximum temperature being achieved 
over the selected period of time. Equation 20 was then used to determine the level of voltage 
that would be needed to achieve this current. The results for this are shown below.  
Table 4- Electromagnet Heating Analysis Results 
Test Time  q (W) Current(A) Amp-turns Voltage (V) 
1 1ms 12187601.22 7052.32 2820926.4 1728.17 
2 10ms 1218760.12 2230.13 892055.25 546.49 
3 100ms 121876.01 705.23 282092.64 172.82 
4 1s 12187.6 223.01 89205.52 54.65 
5 10 s 1218.76 70.52 28209.26 17.28 
6 100s 121.87 22.3 8920.55 5.46 
 
This analysis assumes no heat transfer and, as such, should be a conservatively high estimate 
of the electromagnet heating. From this analysis it can be seen that only test 5 and 6 would 
reach the maximum temperature, as UQ’s available X2 power supplies limit the voltage to 24V.  
In addition to this analysis, a transient thermal Finite Element Analysis was conducted in 
ANSYS. The electromagnet coil was modelled as an idealised lumped mass as seen in Figure 
47, where the core is highlighted in green and the coil is surrounding it. A mesh body sizing of 
2mm was selected, and the materials steel 1008 and copper were applied to the core and coil 
respectively.  
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Figure 47- ANSYS Transient Thermal Geometry 
To set up the analysis for this model, an internal heat generation corresponding to test 5 and 6 
from Table 4 was applied to the coil. The subscript i represents the test number. 
𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐻𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑞𝑖
𝑣𝑜𝑙𝑢𝑚𝑒
 
𝑊
𝑚3
 
=
𝑞𝑖
𝜋
4 (𝐷𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡
2 − 𝐷𝑐𝑜𝑟𝑒
2)𝐿𝑒𝑙𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡
=
𝑞𝑖
𝜋
4 (0.0384
2 − 0.0152) × 0.06
=
𝑞𝑖
5.89 × 10−5
𝑊
𝑚3
 
Convection was accounted for by importing the “Stagnant Air” temperature dependent 
convection coefficient case available in ANSYS. This corresponded to a convection heat 
transfer coefficient of 10 
𝑊
𝑚2.deg 𝐶
 being applied to the outer surfaces of the electromagnet. 
Radiation was accounted for in a similar way by selecting the available correlation of “To 
Ambient”. This corresponded to an emissivity step of 1, and an ambient temperature of 200𝐶. 
The results for case 5 are shown below.  
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Figure 48- ANSYS transient Thermal Analysis Results 
Case 5 corresponds to an internal heat generation of 
1218.76
5.89×10−5
= 37 136 662.86
𝑊
𝑚3
 analysed 
over a 10 second period of time.  
 
Figure 49- Temperature Vs Time for Case 5 
These results show that the maximum allowable temperature is achieved at 6.5 seconds, not 10 
seconds as shown from the analytical calculations.  
The results from case 5 in Table 4 show the allowable current in this configuration is 70.52 A. 
With 400 turns of wire this corresponds to 28209 Amp-turns. The same electromagnet 
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configuration as outlined in Table 3 was analysed in Maxwell 2D, this time changing the Amp-
turns to 28203. The results for this can be seen below.   
 
 
Figure 50- Updated Electromagnet Maxwell 2D Results 
 
Figure 51- Magnetic Flux Density for New Electromagnet 
This electromagnet configuration achieves a flux density of 0.63T at the magnet poles, which 
is much more comparable to the permanent magnet displayed earlier. It is important to note 
that, according to the results obtained from the transient thermal analysis, this configuration 
could only be switched on for 6.5 seconds before reaching 80𝑜𝐶. 
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For the size scales investigated in this thesis, both permanent magnets and electromagnets 
would exhibit similar results. However, on larger experimental scales, such as would be 
required for testing in the X3 facility, electromagnets would be far more suitable. On larger 
scales, the length of the electromagnet could be increased allowing more turns of wire to be 
achieved. This would significantly increase the magnetic flux density. The primary issue with 
using permanent magnets in this application is that they can become very dangerous to handle. 
Using an electromagnet is the considerably safer option, as it offers the ability to turn on and 
off the magnetic effects.  
5.3.2 Recommendations for Future Heating Analysis  
Another option for electromagnet heating analysis is a two-way coupling between ANSYS and 
Maxwell 3D. This additional analysis was attempted but, due to time constraints, was not able 
to be completed.  
To begin, the electromagnet was modelled in Maxwell 3D and the magnetic flux density was 
determined. The geometry and results from this analysis are shown below.  
 
Figure 52- Maxwell 3 D Geometry 
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Figure 53- Maxwell 3D Results 
Figure 53 shows that the Maxwell 3D simulation yielded a result for the maximum flux density 
of approximately 1.7 T. The flux density at the magnet poles was approximately 0.25 T. The 
results from this analysis are slightly less than that predicted by the 2D analysis. This could be 
attributed to some 3D effects not being considered in the 2D analysis, but it is also possible that 
lack of experience in the Maxwell 3D program resulted in an inaccurate simulation. Further 
investigation is required to determine the cause of this variation.  
With the Maxwell 3D simulation results acquired, the solution must then be coupled with an 
ANSYS thermal solver to determine the electromagnet temperature. Conducting the heating 
analysis via this method, as opposed to the transient analysis that was outlined earlier, allows 
electromagnetic effects, such as ohmic losses, to be accounted for. The temperature results from 
the FEA thermal solver can then be coupled back to Maxwell 3D to refine the results. This is 
referred to as a Two Way Coupling analysis. This heating analysis was attempted, however, 
under the time constraints of the project the full analysis was not able to be completed. It is 
recommended that this Two Way Coupling heat analysis be conducted to validate the transient 
thermal analysis.  
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6.0 Conclusions and Recommendations  
The validation of the Stress Wave Force Balance technique, and design of an electromagnet 
were the two primary aims of this thesis project. These are two essential facets in the study of 
MHD aerobraking which will support a wider experimental MHD program at UQ.  
By completing the assembly and conducting a series of experimental tests on the SWFB design, 
it was clear that the impulse response function of the designed SWFB was able to accurately 
produce a history of the models applied load. An unexpected secondary peak was present in the 
results which was attributed to the handling of the hammer post impact. However, as this peak 
was outside the test time window, it had no bearing on the results. It was concluded that the 
SWFB is an accurate method of measuring an applied force.   
An electromagnet was designed to act as alternate to the permanent magnet in the current 
experimental configuration. The purpose of this was to act as a proof of concept for larger scale 
models to be tested in future experiments in X3. This originally designed electromagnet 
exhibited a smaller magnetic flux density in the region of influence than a permanent magnet 
of a similar geometry.  
The effects of increasing the current in the designed electromagnet configuration were 
investigated over specific time periods, allowing the magnetic flux density to be maximised. 
This analysis involved defining the maximum allowable electromagnet temperature and 
calculating the corresponding current and voltage that would achieve this. These results 
concluded that the current could be safely increased by a significant amount from the original 
design without increasing the temperature to a dangerous level. The resulting magnetic flux 
density at the magnet poles was similar to a permanent magnet of the same size, and thus for 
testing in the X2 facility both a permanent magnet and the electromagnet would produce similar 
results.  
On larger scales, such as would be required for a planetary re-entry vehicle or for testing in the 
X3 facility, electromagnets would be far more suitable. On these larger scales, the length of the 
electromagnet could be increased allowing more turns of wire to be achieved, which could 
considerably increase the magnetic flux density. In addition, large permanent magnets can 
become very dangerous to handle. Thus, using an electromagnet is the much safer option, as it 
offers the ability to control or turn off the magnetic effects.  
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Additional work is required to properly asses the heating of the electromagnet. A basic heating 
analysis was performed, however a Two Way Coupling analysis between Maxwell 3D and an 
ANSYS thermal solver is recommended. If this analysis indicates the electromagnet is getting 
too hot over a certain period of time, then the option to pulse the electromagnet should be 
investigated.  After a thorough heating analysis has been performed, the electromagnet must be 
manufactured, assembled and tested.  
Although the SWFB method proved accurate in measuring the applied load to a model, further 
experimental testing is still required. Testing the SWFB in both the permanent magnet and 
electromagnet configurations in the X2 facility is recommended to validate that this method of 
force measurement is appropriate for this particular application.   
The technology investigated in this thesis project may prove to be essential in the study of MHD 
aerobraking. This active area of research could greatly assist in the effort of completing a 
manned mission to mars, allowing heavy payloads to be landed on the Red Planet. The current 
experimental configuration utilises an accelerometer and permanent magnet. To ensure that the 
potential of this technology is maximised, a different method of force measurement and 
producing a magnetic field have been investigated. The SWFB proved to be an accurate method 
of measuring an applied force, and the electromagnet was able to produce large magnetic flux 
densities.  
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8.0  Appendix  
A. Original Experimental Geometry 
 
Figure 54- Current test Geometry (Gildfind, 2015) 
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B. SWFB Sizing Calculations  
The following calculations were adapted from the calculations presented by Jorgensen (2016). 
Table 5- Calculation Parameters 
Parameter Symbol Value 
Material  - Brass 
Sound of Speed c 4700 m/s 
Young’s Modulus E 100 GPa 
Test Time t 50 µs 
Max Pitot Force/critical 
buckling load 
F 645 N 
Permanent Magnet Mass 𝑚𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡  0.217 kg  
Electromagnet Mass 𝑚𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡   
Based on the above parameters, the minimum sting length is: 
𝐿𝑚𝑖𝑛 = 𝑡 × 𝑐 = 50 × 10
−6 × 4700 = 0.235 𝑚 
The length was selected to be 𝐿 = 0.3𝑚 
To determine the buckling diameter, the following assumptions were made: 
1. Magnet resists the full flow of pitot force  
2. Fixed-free end conditions  
The second moment of inertia is calculated to be: 
𝐼 =
𝜋𝐷4
64
 
The critical buckling load is given by: 
𝐹 =
𝜋2𝐸𝐼
𝐿′2
 
Where the equivalent length  𝐿′ = 2𝐿 = 0.6𝑚. Solving for D: 
645 =
𝜋2 × 100 × 109 × 𝐷4
0.62 × 64
 
𝐷 = 8.3 𝑚𝑚 
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C. Preliminary Electromagnet Heating Calculations  
Table 6 and Table 7 summarise the preliminary heating analysis performed on the 15mm and 
10mm electromagnet core diameters respectively.   
Table 6- Heating Analysis for 15mm Core 
Core Diameter= 15mm 
Wire Gauge = AWG 18 (d=1mm) 
N Wire 
Length 
(m) 
Voltage 
(V) 
Selected 
Gauge’s 
resistance 
(Ohms/m) 
Resistance 
in total 
wire 
length 
Current 
in wire 
Maximum 
Current 
rating  
Approved? 
300 14.14 12 0.022 0.31108 38.58 9.5 No  
400 18.85 12 0.022 0.4147 28.94 9.5 No  
300 14.14 6 0.022 0.31108 19.29 9.5 No  
400 18.85 6 0.022 0.4147 14.47 9.5 No  
300 14.14 4 0.022 0.31108 12.86 9.5 No  
400 18.85 4 0.022 0.4147 9.64 9.5 No  
300 14.14 3 0.022 0.31108 9.64 9.5 No 
400 18.85 3 0.022 0.4147 7.23 9.5 Yes  
Wire Gauge = AWG 16 (d=1.3mm) 
300 14.14 12 0.013 0.18382 65.28 20 No  
400 18.85 12 0.013 0.24505 48.97 20 No 
300 14.14 6 0.013 0.18382 32.64 20 No 
400 18.85 6 0.013 0.24505 24.48 20 No 
300 14.14 4 0.013 0.18382 21.76 20 No 
400 18.85 4 0.013 0.24505 16.32 20 Yes 
Wire Gauge = AWG 14 (d=1.6mm) 
300 14.14 12 0.0085 0.12019 99.84 24 No 
400 18.85 12 0.0085 0.160225 74.89 24 No  
300 14.14 6 0.0085 0.12019 49.92 24 No  
400 18.85 6 0.0085 0.160225 37.45 24 No  
300 14.14 4 0.0085 0.12019 33.28 24 No  
400 18.85 4 0.0085 0.160225 24.96 24 No  
300 14.14 3 0.0085 0.12019 24.96 24 No  
400 18.85 3 0.0085 0.160225 18.72 24 Yes  
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Table 7- Heating Analysis for 10mm Core 
Core Diameter= 10mm 
Wire Gauge = AWG 18 (d=1mm) 
N Wire 
Length 
(m) 
Voltage 
(V) 
Selected 
Gauge’s 
resistance 
(Ohms/m) 
Resistance 
in total 
wire 
length 
Current 
in wire 
Maximum 
Current 
rating  
Approved? 
300 9.42 12 0.022 0.2072 57.92 9.5 No  
400 12.56 12 0.022 0.2763 43.43 9.5 No  
300 9.42 6 0.022 0.2072 28.96 9.5 No  
400 12.56 6 0.022 0.2763 21.72 9.5 No  
300 9.42 4 0.022 0.2072 19.31 9.5 No  
400 12.56 4 0.022 0.2763 14.48 9.5 No  
300 9.42 3 0.022 0.2072 14.48 9.5 No 
400 12.56 3 0.022 0.2763 10.86 9.5 No  
300 9.42 2 0.022 0.2072 9.62 9.5 No  
400 12.56 2 0.22 0.2763 7.24 9.5 Yes  
Wire Gauge = AWG 1 (d=1.3mm) 
300 9.42 12 0.013 0.1225 97.96 20 No  
400 12.56 12 0.013 0.1633 73.48 20 No 
300 9.42 6 0.013 0.1225 48.98 20 No 
400 12.56 6 0.013 0.1633 36.74 20 No 
300 9.42 4 0.013 0.1225 32.65 20 No 
400 12.56 4 0.013 0.1633 24.49 20 No 
300 9.42 3 0.013 0.1225 24.49 20 No 
400 12.56 3 0.013 0.1633 18.37 20 Yes 
Wire Gauge = AWG 14 (d=1.6mm) 
300 9.42 12 0.0085 0.08007 149.87 24 No 
400 12.56 12 0.0085 0.10676 112.40 24 No  
300 9.42 6 0.0085 0.08007 74.93 24 No  
400 12.46 6 0.0085 0.10676 56.20 24 No  
300 9.42 4 0.0085 0.08007 49.96 24 No  
400 12.46 4 0.0085 0.10676 37.47 24 No  
300 9.42 3 0.0085 0.08007 37.47 24 No  
400 12.46 3 0.0085 0.10676 28.10 24 No  
300 9.42 2 0.0085 0.08007 24.98 24 No 
400 12.46 2 0.0085 0.10676 18.73 24 Yes 
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D. Maxwell 2D Setup Guide 
This is a quick guide on how to set up and solve an electromagnet problem in Maxwell 2D. The 
Maxwell program can be opened through the ANSYS Workbench, or on its own through the 
ANSYS Electronics Desktop. Once open the user must set the modeller parameters, create the 
model and analyse the problem.   
1. Model Setup 
Set the solution type to magnetostatic by selecting the menu item Maxwell 2D and selecting 
Solution Type. Click Magnetostatic and ensure the Geometry Mode is “Cylindrical about Z”. 
Set the model units by selecting the menu item Modeler, and then Units. From here select 
Meters or whatever units the user would prefer to work in.  
  
2. Create Model  
With the program set up, the model must now be made. First, to create the core select the menu 
item Draw, and then Rectangle.  
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As the model is cylindrical about the z-axis, draw the core radius along the x-axis and the core 
length along the z-axis. This can be done by free hand drawing the model in the workspace or 
entering the starting coordinate and the lengths manually in the bottom right corner of the 
window. In the Properties window, change the name of the sheet to “Core”, the material to steel 
1008 and the colour to grey. Follow the same process to create the coil. This time change the 
material to Copper and the colour to orange. The resulting geometry should look similar to that 
below.  
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3. Define Simulation Region 
Create the simulation region by selecting Draw and then Region. When the Region window 
appears, select Pad all directions similarly, check that the Padding Type is set to Percentage 
Offset, and set the Value to 100.  
 
Click Edit, Select and then Edges. Select the 3 edges of the region (not the edge along the z-
axis), and then select the menu item Maxwell 2D, Boundaries, Assign and finally Balloon. 
Press OK in the Balloon Boundary window that appears.  
4. Assign Excitations  
Select the coil from the history tree and then select Maxwell 2D, Excitations, Assign and then 
Current. Set the value to the desired level of Amp-turns. The current and number of turns of 
wire cannot be entered into the program separately. The Amp-turns (the product of current and 
wire turns) is the parameter that must be entered, and is the only parameter that reflects these 
two factors.  
5. Setup Analysis  
To setup the analysis, select Maxwell 2D, Analysis Setup and then Add Solution Type. In the 
General tab of the Setup Window, change the number of passes to 10 and click OK.  
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6. Solve  
In the Project Manager space, right mouse click on Setup 1 under the Analysis tab. Click on 
Analyze.  
7. Create field plots  
Click ctrl A to select everything in the window (i.e. the Core, Coil and Region). Select the menu 
item Maxwell 2D, Fields, Fields, B and finally Mag_B. Click Done.  
To create a plot for the Magnetic flux density along the magnet centre axis, draw a line along 
the z-axis. Select Draw from the menu items, then select Line. Draw a line spanning the entire 
length of the electromagnet. Select Maxwell 2D, Results, Create Fields Report and Rectangular 
Plot.  
 
In the Report window that appears, select Polyline1 as the geometry and Mag_B as the 
Quantity. Click New Report, and then Close.  
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E. Piezoelectric Film Mechanical Dimensions 
 
 
Figure 55- Dimensions Sketch (Measurement Specialties, 2011) 
 
Table 8- Piezoelectric Film Parameters (Measurement Specialties, 2011) 
Description 
Part 
Number 
Metallization 
Total 
Thickness 
(µm) 
A 
(mm) 
B 
(mm) 
C 
(mm) 
D 
(mm) 
28 µm piezo 
film 
1‐1003702‐7 Cu-Ni 28 203 190 280 267 
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F. Impact Hammer Calibration Certificate  
 
 
